Introduction
============

Noise in gene expression is the stochastic variation in the expression level of a gene under a constant environmental condition ([@b21]). Recently, it has become possible to quantify the levels of noise in the expression of a gene, and rapid progress has been made in understanding how this noise might be regulated (for reviews, see [@b21]; [@b13]). In particular, in yeast, gene expression noise has been measured on a global scale and shown to vary widely between different genes, functional classes of genes and genes regulated by different regulatory mechanisms ([@b1]; [@b16]). However, despite these global experiments, the overall importance of noise in living systems is still unclear.

Whereas the expression levels of some genes can be altered without any apparent phenotypic effect, decreasing ([@b10]; [@b8]) or increasing ([@b24]) the expression of other genes can be very harmful. Therefore, it has been predicted that if noise in gene expression is a physiologically relevant trait, it might be minimised to prevent harmful stochastic variation in the levels of these 'dosage-sensitive\' genes ([@b7]; [@b9]). The availability of global measurements of both gene expression noise ([@b16]) and dosage-sensitive genes ([@b10]; [@b8]; [@b24]) mean that this prediction can now be systematically tested.

In their global analysis of gene expression noise in yeast, Newman and co-workers found that essential genes tend to have lower noise than nonessential genes ([@b16]). Batada and Hurst highlighted that this finding was consistent with selection to minimise noise for dosage-sensitive genes ([@b2]). In further support of this hypothesis, they showed that noise tends to be lower for haploinsufficient genes (i.e., genes that reduce growth when their dosage is decreased by half in heterozygotes) than for haplosufficient essential genes, and that genes that produce a strong growth defect when deleted tend to have lower noise than those producing a weak growth defect ([@b2]).

Although the lower mean noise reported for essential and haploinsufficient genes is consistent with the noise being minimised to avoid harmful stochastic variation in the expression of dosage-sensitive genes, the interpretation of these results is complicated by the existence of many variables that are known to correlate with both noise ([@b1]; [@b16]) and gene essentiality ([@b12]; [@b18]; [@b20]; [@b5]; [@b11]), including gene expression levels, regulatory mechanisms, protein interactions, and protein functions. The relationship between dosage-sensitivity and noise may therefore not be a direct one.

In this report, I first perform a more detailed analysis of the relationship between gene expression noise and gene dosage-sensitivity. Most importantly, I show that genes with high noise are depleted of both genes that reduce fitness when their expression is increased as well as of those that reduce fitness when their expression is reduced. These two classes of genes are largely independent, which together with the previous evidence ([@b16]; [@b2]) makes it very likely that the relationship between dosage-sensitivity and gene expression noise is a direct one. It therefore seems that noise in gene expression has indeed been widely minimised by natural selection to prevent stochastic variation in the levels of dosage-sensitive genes.

Having established this, I then investigate whether selection to minimise noise has had any long-term consequences for the evolution of gene expression in yeast. I present evidence that the requirement to minimise noise may have limited the ability of genes to change expression in response to genetic perturbations. Moreover, the need to limit noise may also have restricted the extent to which gene expression can change between species. I conclude that noise in gene expression is an important biological trait, and one that may also limit the long-term evolvability of an organism.

Results and discussion
======================

Genes sensitive to either a decrease or to an increase in expression have low noise
-----------------------------------------------------------------------------------

Stochastic variation in the expression of genes has been predicted to be more harmful for genes that reduce fitness when their expression levels are altered ([@b7]; [@b9]). In their global analysis of gene expression noise, Newman and co-workers indeed found that genes that are harmful when they are deleted tend to have lower noise than other genes ([@b16]; [@b2]). However, they also found many other features that had similar or stronger correlations with noise ([@b16]). Given that there are also many similar features (including expression levels, regulatory mechanisms, protein interactions, and protein functions) that have been associated with gene essentiality ([@b12]; [@b18]; [@b20]; [@b5]; [@b11]), it is therefore not clear whether the relationship between gene expression noise and essentiality is a direct or an indirect effect.

To resolve this ambiguity, I turned to a second set of genes that would be expected to have low noise if stochastic variation in gene expression is harmful---genes which are harmful when their expression is increased. If noise has indeed been minimised to prevent harmful stochastic variation in gene expression, then these genes would also be expected to have low noise. The set of genes that are toxic when they are overexpressed in yeast do not significantly overlap those that are harmful when they are deleted ([@b24]). They also encode proteins with very different properties and cellular functions ([@b24]; [@b23]) and so represent a good independent test of a direct relationship between dosage-sensitivity and gene expression noise.

As shown in [Figure 1](#f1){ref-type="fig"}, just as is seen for genes that reduce fitness when they are deleted (essential genes, haploinsufficient genes, genes required for normal growth, [Figure 1A--C](#f1){ref-type="fig"}), the proportion of genes that inhibit growth when they are overexpressed is much lower for genes with high noise (DM) than for genes with low noise ([Figure 1D](#f1){ref-type="fig"}). For example, among the 236 genes that have DM\<−2, 26% are essential, 10% are haploinsufficient, 19% are required for normal growth, and 16% are harmful when overexpressed. In contrast of the 359 genes that have DM\>3, only 3% are essential, 0.3% are haploinsufficient, 3% are required for normal growth, and 4% are toxic when over-expressed (*P*\<10^−5^ for all phenotypes, Fisher\'s exact test). That is, both genes that are sensitive to a decrease or to an increase in expression very rarely have high noise. These two independent sets of genes have very different properties, and so this result strongly suggests that the relationship between noise and dosage-sensitivity is a direct one. This conclusion is also supported by comparing the levels of noise between genes with different severities of fitness defect ([@b2], [Supplementary Figure 1](#S1){ref-type="supplementary-material"}). Noise in gene expression therefore appears to be tuned to minimise stochastic variation in the expression levels of dosage-sensitive genes. Either there must exist mechanisms to prevent stochastic variation in the expression levels of these genes, or there has been selection to prevent these genes from evolving regulatory mechanisms that would result in high noise.

Essential genes may be highly expressed to limit noise
------------------------------------------------------

Noise in gene expression has been found to correlate inversely with gene expression levels ([@b1]; [@b16]). The measure of noise used here (DM) ([@b16]) is designed to compensate for this effect, and indeed the trends seen here are not due to variations in gene expression levels ([Supplementary Figure 2](#S1){ref-type="supplementary-material"}). However, increasing gene expression levels does represent a simple mechanism to reduce noise, and this may partially explain why essential genes tend to have high expression levels ([@b18]). In contrast, this seems unlikely to represent a valid strategy to reduce noise levels for genes that are harmful when they are overexpressed, and indeed these genes have low expression levels (our unpublished data), and so must use other mechanisms to reduce noise.

Proteins with more protein interactions have lower noise
--------------------------------------------------------

Gene essentiality and gene expression levels both also correlate with the number of protein interactions made by a gene product ([@b12]; [@b18]). The relationship between noise and dosage-sensitivity is still very strong even after accounting for the number of protein interactions made by a gene product or for its membership of a protein complex ([Figure 2](#f2){ref-type="fig"}), which again suggests that this is a direct effect. However, it can also be seen in [Figure 2](#f2){ref-type="fig"} that genes with more protein interactions do tend to have lower noise even after accounting for dosage sensitivity. Such an effect has previously been predicted on theoretical grounds ([@b9]), and I suggest here three possible explanations for this effect. First, the number of protein interactions may be a variable capturing fitness defects that have not yet been measured in the laboratory. Second, the reduced noise of protein complex subunits may reflect selection to reduce harmful 'imbalance\' in the stoichiometry of protein complexes ([@b19]; [@b9]). Third, the reduced noise of protein complex subunits may be a consequence of active mechanisms that rapidly degrade protein complex subunits that have not been stably associated into complexes. That is, the stability of assembled complexes themselves, combined with active degradation methods, may be responsible for the observed low noise.

Noise may limit the evolvability of gene expression
---------------------------------------------------

I have shown above that noise in gene expression has probably been minimised to prevent harmful stochastic variation in the expression of dosage-sensitive genes. A gene with low gene expression noise must, by definition, be insensitive to stochastic variation in the levels of cellular components. This may either reflect the expression of a gene being 'insulated\' from cellular networks or the existence of mechanisms or network motifs that function to reduce stochastic variation. These same genes are therefore also likely to be insensitive to non-stochastic alterations in the levels of cellular components, including those resulting from genetic mutations. That is, genes with low levels of noise in gene expression may also have expression levels that change little in response to random mutagenesis, and that are restrained in their ability to vary throughout evolution. This in turn would be reflected in these genes having expression patterns that only evolve slowly between species. In this way selection to minimise noise may constrain the long-term 'evolvability\' of living systems ([@b27]). This intuitive prediction is supported by theoretical work using artificial gene networks, which shows that selection to minimise noise can result in gene expression that is stable to genetic perturbations ([@b6]).

To address this prediction that selection to minimise noise may constrain the evolvability of gene expression, I used genome-wide data measuring both the global response of gene expression to random mutagenesis in mutation accumulation experiments ('mutational variance\') ([@b14]) and the divergence of gene expression between closely related yeast species ('expression divergence\') ([@b25]). If selection to control noise results in gene expression that is stable to genetic perturbations, then both of these variables should correlate well with noise. Moreover, if noise is minimised for dosage-sensitive genes, then dosage-sensitive genes should have expression patterns that are stable to random mutagenesis, and that evolve slowly between species. All of these predictions are upheld by the available data. Both mutational variance ([Figure 3A](#f3){ref-type="fig"}, Spearman\'s Rank correlation coefficient *ρ*=0.27, *P*=1.08 × 10^−14^, *n*=776) and expression divergence ([Figure 3B](#f3){ref-type="fig"}, *ρ*=0.30, *P*=2.2 × 10^−16^, *n*=1750) correlate very well with gene expression noise in yeast. Moreover, also consistent with the predictions, the proportion of dosage-sensitive genes is much higher for both genes with low mutational variance ([Figure 3C](#f3){ref-type="fig"}) and for genes with low expression divergence between species ([Figure 3D](#f3){ref-type="fig"}). That the same trends are seen with these two very different measures of expression divergence, measured both within and between species, adds confidence to these conclusions.

Direct selection for robustness to mutation is not expected under most conditions, because the single mutations being considered do not reduce fitness and so cannot be selected in most realistic conditions ([@b17]; [@b26], [@b27]). In contrast, if noise reduces fitness, then there can be direct selection to minimise noise in gene expression. Therefore, as predicted by simulations ([@b6]), I propose that selection to minimise noise in the expression of dosage-sensitive genes has resulted in these genes having expression mechanisms that are also stable to genetic perturbations and that therefore evolve slowly between species.

Conclusions
===========

In summary, the data presented here demonstrate that noise in gene expression is tuned to minimise harmful stochastic variation in the expression levels of dosage-sensitive genes. Noise is thus an important biological trait, and one that has probably been subject to direct natural selection. Moreover, in agreement with theoretical predictions, the available data sets in yeast suggest that selection to minimise noise may also have constrained the long-term evolvability of gene expression in this species.

Materials and methods
=====================

The following phenotype data sets were used: essential genes ([@b15]), haploinsufficient genes ([@b8]), genes with a slow growth phenotypes in rich media ([@b10]), and genes with overexpression phenotypes ([@b24]). Noise measurements are from [@b16], who used GFP reporter constructs to measure the levels of noise in the expression of \>2500 yeast genes. Noise correlates with expression levels ([@b1]; [@b16]), so an expression level-adjusted measure of noise (DM) ([@b16])) is used throughout this work. Mutational variance (*V*m) measurements, a measure of the divergence in the expression level of a gene in mutation accumulation experiments, were taken from [@b14]. Measurements of expression divergence between closely related yeast species were taken from [@b25]. Protein interaction data used are the high-confidence (i.e., supported by more than one piece of evidence; [@b4]; [@b3]) subset of the literature-curated yeast protein interactome ([@b22]). Literature-curated protein complexes were downloaded from MIPS ([@b15]). Statistical tests were performed using the R package (<http://www.R-project.org>).
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![Noise is minimised for dosage-sensitive genes. The relationship between gene expression and the proportion of genes that are (**A**) essential, (**B**) haploinsufficient, (**C**) inhibit growth when deleted or (**D**) inhibit growth when overexpressed. The result when considering all dosage-sensitive genes is shown in (**E**). The percentage of genes with each phenotype is shown for each of 10 equally sized bins of genes ranked according to an expression-level-adjusted measure of noise (DM). The range of each bin is shown, except for the maximum of the top bin, which extends to 61.0.](msb200811-f1){#f1}

![Proteins with more interactions have lower noise. The relationship between noise and dosage sensitivity is seen both for genes that are part of MIPS protein complexes and for other genes (**A**). It is also seen when controlling for the number of protein interactions (**B**). *P*-values for differences between dosage-sensitive and other genes: 2 × 10^−4^ (complex subunits), 9 × 10^−9^ (non-complex subunits), 4 × 10^−7^ (zero protein interactions), 0.05 (1--5 protein interactions), and 1 × 10^−3^ (\>5 protein interactions) (Wilcoxon rank sum test). In addition, genes without protein interactions have a higher mean noise than genes with protein interactions for both dosage-sensitive and other genes (*P*=1 × 10^−3^ and *P*=5 × 10^−8^, respectively). The error bars represent measure±s.e.](msb200811-f2){#f2}

![Mutational variance (*V*m) and expression divergence between species are restricted for dosage-sensitive genes with low noise. Both mutational variance, a measure of the change in a gene\'s expression in response to random mutagenesis ([@b14]) (**A**), and the divergence in expression between yeast species ([@b25]) (**B**), negatively correlate with noise (Spearman\'s Rank correlation coefficient, *ρ*=0.27, *P*=1.08 × 10^−14^, *n*=776, and *ρ*=0.30, *P*=2.2 × 10^−16^, *n*=1750, respectively). Error bars represent measure±s.e. (**C**) The relationship between mutational variance and the percentage of dosage-sensitive genes. The percentage of dosage-sensitive genes is shown for ten equally sized bins of genes arranged according to their mutational variance. (**D**) The same plot but comparing dosage-sensitivity to gene expression divergence between yeast species, again for ten equally sized bins of yeast genes. The ranges of each bin are shown, except for the maximum of the top bins, which extend to 4.05 and 9.02, respectively.](msb200811-f3){#f3}
